We report on the optical excitation spectra in Sr2VO4. The phonon modes are assigned and their evolution with temperature is discussed in the frame of the different phase transitions crossed upon cooling. Besides the expected infrared-active phonons we observe two additional excitations at about 290 cm −1 and 840 cm −1 which could correspond to electronic transitions of the V 4+ ions. Our experimental results are discussed in the context of recent experimental and theoretical studies of this material with a unique spin-orbital ground state.
I. INTRODUCTION
Sr 2 VO 4 has the same layered crystal structure as the parent compound of the high T c superconductors La 2 CuO 4 1,2 and quasi-two-dimensional electronic behaviors. Both materials are Mott-Hubbard insulators with one electron on the Vanadium-site in the case of Sr 2 VO 4 , and one hole per copper-site for La 2 CuO 4 . Based on these similarities several theoretical groups have suggested that doped Sr 2 VO 4 could be superconducting [3] [4] [5] . The excruciating difficulty to synthesize a polycrystalline powder of the pristine material gives less flexibility than in the cuprates to play with the stochiometry. While superconductivity has been elusive, Sr 2 VO 4 passes as a function of temperature through a number of different electronic phases which are not fully understood and which have not been observed in the cuprate family. Above 127 K the material is paramagnetic. Below 97 K the system enters a different magnetic and orbital state, which is not ferromagnetic and the nature of which is the main subject of the present paper. A phase-coexistence is found between 98 K and 127 K 6 .
The most important difference in electronic structure of La 2 CuO 4 and Sr 2 VO 4 results from the different ground state degeneracy of open 3d shell in both materials: The hole on the Cu-atom in La 2 CuO 4 occupies a 3d x 2 −y 2 orbital. The single electron on the V-ion in Sr 2 VO 4 occupies the degenerate set of 3d xz and 3d yz orbitals. This orbital degree of freedom profoundly affects the physical properties, as we will see below. Based on magnetic susceptibility data it was believed that the system undergoes an antiferromagnetic (AFM) transition with a sample-dependent Néel temperature ranging between 10 K and 100 K, although no signs of long-range order could be found by neutron scattering experiments 1 . Subsequent works reported a Néel temperature of 40K 7 and a strong dependence of the occurrence of these anomalies on the stoichiometry of the samples 8 . Only recently, it was shown that the system exhibits a phase transition at T 1 100 K upon cooling, where the ratio of the tetragonal lattice parameters c/a increases abruptly while the magnetic susceptibility drops concomitantly 6 . Hence, the phase below T 1 was interpreted as antiferromagnetically and orbitally ordered 6 . Theoretical scenarios predict a stripe-like orbital and collinear AFM spin ordering 9 , strong competition between ferromagnetism and antiferromagnetism 9 , or a magnetically hidden order of Kramers doublets due to the formation of magnetic octupoles mediated by spin-orbit coupling 10 . Recent inelastic neutron scattering studies revealed a splitting of the highest lying doublet of the V 4+ ions persisting up to 400 K 11 , which indicates the presence of a finite dipolar magnetic moment and is difficult to reconcile with a purely octupolar magnetic order. We recently suggested that the system can be described in terms if an alternating spin-orbital order below the Néel temperature and derived the corresponding energy levels scheme for the V 4+ ions 12 .
Here we investigate the low energy optical excitation spectrum in tetragonal Sr 2 VO 4 . The phonon modes have been identified in the optical spectrum by comparison with the isomorphic compounds Sr 2 TiO 4
13,14
and La 2 NiO 4 15 . Their evolution upon cooling, crossing the different structural and (or) magnetic transitions, supports the scenario of a long range orbital ordering. In addition to optical phonon bands we could identify two excitations. The first one is in the phonon energy range (290 cm −1 ) but does not correspond to any identified phonon. It shows a very strong temperature dependence at the temperature T 1 mentioned above. The second one (840 cm −1 ) is too high to be a phonon and could correspond to the above mentioned excitation observed by neutron scattering correspond to excitations energies proposed in Ref. 12 The specific heat exhibits three peaks upon cooling (Fig. 1a) . A peak in the specific heat associated to a weak anomaly in the susceptibility at T 2 = 127 K (Fig. 1 b) coincides with the reported onset of orbital order and a coexistence regime of the low-and high-temperature tetragonal phase for T 1 ≤ T ≤ T 2 6 . The sharp drop at T 1 = 98 K reveals the transition to the low temperature tetragonal phase. A peak at 10 K indicates the transition to a phase with a weak ferromagnetic moment. Nozaki et al. 7 have measured a small hysteresis loop at 5 K with a ferromagnetic moment of about 10 −4 µ B and a non-vanishing magnetic moment is also predicted by several theoretical studies 3, 9, 17 . A further broad anomaly, also visible at 35 K in the magnetic susceptibility, was reported earlier 7 . Since this feature varies rather strongly from one sample to another, it may not be an intrinsic property of tetragonal Sr 2 VO 4 . The peaks present in the magnetic susceptibility around 35 K could be attributed to Sr 3 V 2 O 7 as a secondary phase 18 . The Curie like behavior of the magnetic susceptibility below the Néel temperature is very likely dominated by impurities 12 .
The reflectivity of the sample was measured in the infrared spectral range (12 meV and 0.8 eV) using a Fourier transform spectrometer and the complex dielectric function was measured in the range from 0.8-4.5 eV using spectroscopic ellipsometry. For both measurements, the sample was mounted in a helium flow cryostat allowing measurements from room temperature down to 13 K. Absolute reflectivity was obtained by calibrating the signal against an in situ evaporated gold film on the sample surface.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental reflectivity is plotted in Fig. 2 a) . The reflectivity, also measured in the far infrared in a magnetic field as high as 7 T, did not reveal any field dependence of the main features of the spectrum. The real and imaginary parts of (ω) obtained using ellipsometry at selected temperatures are shown in Fig. 2b) . In order to obtain the optical conductivity over the full spectral range (Fig. 2c) , we used a variational routine 19 yielding the Kramers-Kronig consistent dielectric function that reproduces all the fine details of the infrared reflectivity data while simultaneously fitting to the complex dielectric function in the visible and UV-range. This procedure anchors the phase of the infrared reflectivity to the phase at high energies. The temperature evolution of the optical conductivity in the visible range is in good agreement with previous measurements on epitaxial thin films 20 . Fig. 3 shows the low energy part of the reflectivity (panel a) and the corresponding optical conductivity (panel b). The phonon modes that have been identified (see section III A) are marked by solid dots. Fig. 3 . Three additional optical excitations with eigenfrequencies ω 1 , ω 2 and ω 3 do not have their counterpart in Sr 2 TiO 4 and La 2 NiO 4 and their origin will be discussed further. The temperature dependence of the phonon modes is shown as colormaps of the optical conductivity in the left panel of Figure 4 .
The parameters used to fit the phonon part of optical data are given in table I for three different temperatures.
From the Lorentz fit of the different modes, it is possible to follow the evolution of the central frequency upon cooling with a resolution of 1 K (Fig.4) . All phonon modes are sensitive to temperature in a different manner depending on the bonds involved and the anisotropy of thermal expansion. We have monitored the variation in the temperature trend of the mode frequency upon crossing the orbital ordering transition. To disentangle the evolution of the phonon frequency due to thermal expansion over the wide temperature range to the effect of orbital rearrangement, we have fitted the temperature dependence of the phonon frequency with a parabolic function above and below the transition temperature T 1 . We define the change in slopes of the tangents of the 2 fits (above and below transition) at the temperature T 1 as:
Three different intervals for each fit are used to calculate error bars. We give in table I the value of ∆ ∂ω ∂T for all identified phonons. For the soft mode (1) and the mode 5 (assigned to LO mode), error bars on K are larger than the change in slope. For the remaining modes, we observe a hardening of vibration 3 and 5 both involving z-axis displacement (A 2u modes) of the vanadium ion opposite to the 4 in plane oxygen ions.
The A 2u (1) mode (6) also involves displacement of V ion along z-axis but in phase with the 4 in-plane oxygens and thus is only slightly affected by the "in-plane hardening". In-plane modes (E u modes) are softened by the transition. This supports a charge transfer from in-plane to the c-axis orbitals, consequence of a long range orbital ordering. represents the change in the slope of the phonon energy temperature dependence at the orbital ordering temperature as defined in the text. 
B. Discussion
The temperature dependence of the experimental optical conductivity associated with the excitation ω 1 (Fig.   5 ) is very different in terms of central frequency and spectral weight as compared to the "usual" temperature evolution of the phonons discussed above. Coming from high temperature the eigenfrequency ω 1 = 254 cm Given the known crystal structure of Sr 2 VO 4 , we exclude the possibility that ω 1 , ω 2 and ω 3 are optical phonons, either from the material itself or from secondary phases that have been the object of a careful study of their own optical properties. The two peaks at ω 2 = 810 cm −1 and ω 3 = 870 cm −1 are too high in energy to correspond to lattice vibrations. Moreover, they are close in energy to the twin peaks observed by inelastic neutron scattering at 115 and 125 meV 11 . With ∆E = 8 meV, these excitations are the optical counterparts of the excitations reported by neutron scattering at about 120 meV with a splitting of about ∆E = 10 meV. Energies differ by a factor of about 0.9. This is a natural consequence of the dispersion of the excitations, which for optical spectroscopy are around k = 0 whereas aforementioned inelastic neutron spectra were integrated over k-space.
The frequency of the ω 1 excitation is in good agreement with the calculated frequency (8.3 Thz 277 cm −1 ) of the silent B 2u mode 15 . This mode corresponds to vibration along the c-axis of the four oxygen ions in the a-b plane, in phase along the diagonals and with opposite phase along the edges of the a-b oxygen square. The activation of this mode requires a breaking of the crystal symmetry that has so far not been observed in this material.
Another possibility could be that these three excitations are of electronic origin. t 2g splits due to crystal field, spin orbit coupling and exchange fields. We compare our data to a microscopic model for the observed the anti-ferromagnetic super-exchange, J a , between d xz electrons on nearest neighbor sites along the x-axis, and likewise along the y-axis. The second largest contribution is the ferromagnetic superexchange, J f , between d xy and d yz along the x-axis, and likewise along the y-axis. The groundstate is formed by a Kramers doublet having orbital momentum m l = ±1 (µ l = 1 · 1µ B ) and spin (µ s = 2 · 1 2 µ B ) pointing opposite to each other, causing an overall "mute" magnetic moment. Due to higher order terms in the magnetic exchange interaction the linear combination u|d 1,↓ + v|d −1,↑ with u = cos(η/2) and v = sin(η/2) has a weak dependence on η as shown in Fig. 6 . The magnetically most stable state corresponds to η = 0.
The energy levels can be exactly calculated from the model and they are drawn as a function of the order parameter η in Fig. 6 . The arrows represent the possible electronic transitions that could match with the ω 1 , ω 2 and ω 3 transitions observed in optical spectra. Using the above level scheme for η = 0 (Fig. 6) we now obtain a consistent description of the observed optical excitation ω 1 = 290 cm −1 ( 36 meV) and a double peak structure ( Fig. 2b) with central frequencies of ω 2 = 810 cm −1 (100 meV) and ω 3 = 870 cm −1 (108 meV) at 20 K. Using a value λ −30 meV equal to the free-ion value 21 , J a 15 meV, D = −33 meV and J f −9 meV in the model described above, we get a good estimate for the excitation ω 1 . The excitation pair ω 2,3 between the lowest and the highest doublet is mainly determined by the crystal-field parameter and the difference in energy ω 3 − ω 2 agrees with the splitting of 10 meV in the neutron scattering spectra. The fact that this splitting reportedly persists up to 400 K indicates that short-range ordering is present in the system far above room temperature and the level scheme should be valid even above the phase transition. We estimate that the reduction of D due to the reported reduced c/a-ratio in the high-temperature tetragonal structure 6 is less than one percent. Therefore, we ascribe the energy difference of 4 meV of the optical excitation between the low-and high-temperature tetragonal structures and the decreasing splitting of the highest lying levels to a somewhat smaller contribution of the spin-orbit interactions in the short-range ordered regime due to reduced intersite spin-spin correlations.
Having consistently described the observed optical excitations using this model, the remaining question is why these excitations are optically active. Given the symmetries of the Sr 2 VO 4 as they have been described in the literature, and as we have assumed them to be in our discussion, the ground state and the excited states within the t 1 2g manifold all have even parity. Consequently under this assumption none of the three excitations discussed above are expected to be electric-dipole active. Instead, since they are of the magnetic-dipole variety, we expect a relatively small oscillator strength 22, 23 . For an isolated ion with η = 0, the selection rule ∆J z = ±1 applies to the optical transitions at ω 1 and ω 3 . The excitation at ω 2 requires ∆J z = 2, which corresponds to a quadrupole transition. The admixture of |d 1,↓ and |d −1,↑ in the ground state gives a dipole like ∆J z = ±1 for the excitation ω 2 . An alternative possibility is a mechanism described by Tanabe et al. 24 , whereby a finite electric-dipole matrix element is induced by the breaking of inversion symmetry of a pair of neighboring spins, as observed in FeF 2 25 .
IV. CONCLUSIONS
We have measured the infrared and visible optical spectrum of tetragonal Sr 2 VO 4 at low temperature. In addition to well identified phonon bands, an additional peak was observed, the origin of which could be :
• A non optically active phonon that is made IRactive due to beaking of crystal field symmetry
• The electronic excitation spectrum of the V 4+ ions that supports a scenario of a novel ordered state in terms of an alternating spin-orbital order in Sr 2 VO 4 .
In this last scenario, the magnetic moments are muted by spin-orbit interaction. At low temperature these mute moments are anti-ferromagnetically ordered. At elevated temperatures the long range order is lost, resulting in a high temperature phase which is again tetragonal. Since the ordering involves not only spin, but also orients the angular moments of the ions, the resulting magnetostriction should be particularly strong. This is probably the reason for the change of lattice constant when the system orders and for the coexistence of two thermodynamically distinct phases in a certain temperature range.
